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Abstract:



Many drugs suffer from an extensive first-pass metabolism leading to drug inactivation and/or production of toxic metabolites, which makes them attractive targets for prodrug design. The classical prodrug approach, which involves enzyme-sensitive covalent linkage between the parent drug and a carrier moiety, is a well established strategy to overcome bioavailability/toxicity issues. However, the development of prodrugs that can regenerate the parent drug through non-enzymatic pathways has emerged as an alternative approach in which prodrug activation is not influenced by inter- and intraindividual variability that affects enzymatic activity. Cyclization-activated prodrugs have been capturing the attention of medicinal chemists since the middle-1980s, and reached maturity in prodrug design in the late 1990s. Many different strategies have been exploited in recent years concerning the development of intramoleculary-activated prodrugs spanning from analgesics to anti-HIV therapeutic agents. Intramolecular pathways have also a key role in two-step prodrug activation, where an initial enzymatic cleavage step is followed by a cyclization-elimination reaction that releases the active drug. This work is a brief overview of research on cyclization-activated prodrugs from the last two decades.
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1. Introduction


Many therapeutically active agents experience low bioavailability after oral administration due to poor absorption or susceptibility to first pass metabolism [1]. The prodrug approach has been widely used to improve delivery of drugs to their site of action by modulation of physico-chemical properties that affect absorption or by targeting to specific enzymes or membrane transporters [2,3,4,5]. Most of the prodrugs that are now in clinical use require enzymatic catalysis in order to be converted into the parent drug. This is particularly true for those prodrugs designed to liberate the parent drug in the blood stream following gastro-intestinal absorption: they are typically ester derivatives of drugs containing carboxyl or hydroxyl groups, which are readily converted into the parent drug by esterase-catalyzed hydrolysis [5]. However, applying enzymatic activation for other functional groups may result in high chemical reactivity that precludes either liquid or solid formulation of the prodrug (e.g. some phenol esters) or low chemical reactivity, resulting in reduced regeneration of the parent drug (e.g. amide derivatives of amine-containing drugs). Thus, the development of prodrugs that can regenerate the parent drug through non-enzymatic pathways has emerged as an alternative approach in which prodrug activation is not influenced by inter- and intra-individual variability that affects the enzymatic activity. In particular, cyclization-activated prodrugs have been capturing the attention of medicinal chemists since the middle-1980s, and reached maturity in prodrug design in the late 1990s. Activation of prodrugs via a cyclization pathway allows a fine tuning of the rate of drug release through the appropriate choice of the functional groups involved in ring closure and stereoelectronic constraints in the course of the cyclization step. Many different strategies have been exploited in recent years concerning the development of intramoleculary-activated prodrugs. These can be summarized as follows: (i) the cyclization reaction is used to release the active drug as the cyclization product (the drug is the cyclic species formed, B in Scheme 1), (ii) the cyclization involves the elimination of the parent drug (the drug is a leaving group, LG in Scheme 1, in the process of cyclization of the carrier moiety) and (iii) the cyclization is preceded by an enzymatic reaction that generates the internal nucleophile (also called two-step activation). Intramolecular activation or cyclization-elimination strategies for drug release from prodrugs has been almost exclusively based on the attack of nitrogen- (amino, amido) or oxygen- (hydroxyl, carboxylate) nucleophiles over a carbonyl moiety, as depicted in Scheme 1. The present work is a brief overview of research on cyclization-activated prodrugs over the past two decades. Reviews addressing this particular issue have previously been published by Shan et al. [6], Testa & Mayer [7] and by Wang et al. [8], in the late 1990s, and more recently by Vinšová and Imramovský [9]. Another interesting review on anticancer prodrugs selectively activated by elimination and cyclization pathways was published by Papot et al. [10] in 2002. Also, a commentary by Testa on prodrug research [11] is a key reference for those working on, or interested in, this field. Finally, a most recent and extensive description of prodrug development, including a chapter on cyclization-elimination strategies for prodrug activation, can be found in [12].
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Scheme 1. Intramolecular cyclization-elimination reaction for activation of a general prodrug A. 






Scheme 1. Intramolecular cyclization-elimination reaction for activation of a general prodrug A.
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2. Active Drug as the Cyclic Product of Intramolecular Activation


A classical example of this approach can be traced back to 1985, when Bundgaard and co-workers proposed pilocarpine prodrugs based on pilocarpic acid double esters 1 [13]. These were shown to work as prodrugs of pilocarpine both in vitro and in vivo and, in aqueous solution, to undergo a quantitative and apparently specific-base-catalyzed lactonization to pilocarpine (3). This process was based on an initial ester hydrolysis step that leaves a hydroxyl nucleophile free to attack the benzyl ester moiety (2), thus promoting the final cyclization-elimination reaction (Scheme 2) [13].
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Scheme 2. Activation of pilocarpic acid double esters 1 to release pilocarpine (3) [13]. 






Scheme 2. Activation of pilocarpic acid double esters 1 to release pilocarpine (3) [13].
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Another case where the intramolecular cyclization product is the active drug involves the α-amino acid prodrugs of camphothecins proposed by Song et al. [14]. These authors based their proposal on previous findings about the high lactone stability in human blood [15]. Thus, linear carboxylate precursors could be used as pro-moieties of the active lactone that should be formed in vivo through nucleophilic attack of the hydroxyl to the carboxylate group. In fact, the ester prodrugs undergo quantitative conversion to their pharmacologically active lactones via a non-enzymatic cyclization mechanism that is favored over direct hydrolysis at pH 7.4 [14]. The authors further proposed that the observed pH dependence of the non-enzymatic pathway for activation of the prodrugs suggests that these may be useful for tumor-targeting via liposomes, as they can be stabilized in an acidic environment in the core of liposomes and readily converted into the active lactone following their intramural release [14].
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Scheme 3. Intramolecular activation of prodrugs for active benzoxazolones (4) [16]. 
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Scheme 4. Intramolecular activation of prodrugs for active oxazolidinones (5) [16]. 






Scheme 4. Intramolecular activation of prodrugs for active oxazolidinones (5) [16].
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In the 1990s, Vigroux and co-workers demonstrated, both in aqueous buffer and in plasma, the efficiency of novel drug delivery systems for active benzoxazolones (4, Scheme 3) and oxazolidinones (5, Scheme 4). In the first case, one of the benzoxazolone precursors prepared was the 4-acetamido-phenyl ester chlorzacetamol, which is a mutual prodrug of chlorzoxazone and paracetamol (=ROH). Similarly, the second approach included two mutual prodrugs of paracetamol and active oxazolidinones (metaxalone and mephenoxalone) that were obtained using the appropriate amines [16]. All the carbamate prodrugs thus prepared were found to release the parent drugs in aqueous buffer (pH 6-11) and plasma (pH 7.4) through intramolecular reactions due to a hydroxyl nucleophile. Benzoxazolone release occurred by a cyclization mechanism involving a change in the rate-limiting step from formation of a cyclic tetrahedral intermediate (Scheme 3, k1) to departure of the leaving group ROH (Scheme 3, k2) when the leaving group ability decreased. However, oxazolidinones were released from their mutual prodrugs by means of a rate-limiting elimination-addition reaction (Scheme 4) [16].




3. Active Drug as the Leaving Group in the Cyclization-Elimination Reaction


Most intramolecularly activated prodrugs proposed in the literature fall in this category, i.e., the active drug is the leaving group (LG in Scheme 1) in the cyclization-elimination process. Of these, the vast majority involves a nitrogen nucleophile (acidic amide or basic amine), so only such cases will be dealt with in the following sections. Notwithstanding, oxygen-based nucleophiles have a role, and a brief reference to a classical example seems worthwhile: Begtrup and co-workers proposed, in 1995, that besides hydroxyl nucleophiles (illustrated on Scheme 2, Scheme 3, Scheme 4 and Scheme 5), carboxylate groups could also be used for identical purposes. Thus, these authors have developed hemiesters of aliphatic dicarboxylic acids as cyclization-activated prodrugs of phenols that were released after attack of the carboxylate on the ester bond (Scheme 5) [17].
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Scheme 5. Carboxylate nucleophiles in the intramolecular activation of phenol prodrugs [17]. 
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Besides the pKa of the phenolic group, other factors influenced the reactivity of the hemiesters under physiological conditions (t1/2 ranging from 1 to 350 min, at pH 7.4 and 37 °C). Hence, the size of the anhydride formed (i.e., the length of the aliphatic chain represented by the wavy line in Scheme 5) was relevant, as succinate esters reacted 133- and 151-times faster than their glutarate counterparts, which is explained by the greater proximity between the reacting groups in the former. Also, an increasing number of methyl substituents hanging on the aliphatic chain increased the rate of intramolecular cyclization, a phenomenon that has been previously attributed to a decrease in unprofitable (unreactive) rotamer distribution in the ground state [18].



3.1. Cyclization-elimination involving an amido group


Acidic amides can supply a nucleophilic nitrogen to promote intramolecular prodrug activation. Thomsen and Bundgaard were pioneers in this approach, through preparation and study of cyclization-activated phenyl carbamate prodrugs of phenols, 6 [19]. Compounds 6, as in the case of Begtrup’s hemiesters of aliphatic dicarboxylic acids, were designed as models to test the protection of phenolic drugs from first-pass metabolism. Though highly stable at pH 1 to 6, these compounds underwent an apparent specific base-catalyzed cyclization at higher pH values (Scheme 6) leading to phenol release. The rate of cyclization was not affected by enzymes and was modulated by the pKa of the phenol and by nature and size of the carboxamido substituent (t1/2 ranging from 10 to 60 min, at pH 7.4 and 37 °C) [19].
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Scheme 6. Intramolecular activation of phenyl carbamate prodrugs (6) of phenols [19]. 
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More recent reports by Sohma and co-workers describe the synthesis and characterization of water-soluble prodrugs of HIV-1 protease inhibitors [20,21]. Thus, water-soluble prodrugs of KNI-727 (7a-b, 8a-c, Figure 1) were designed to release the parent drug through intramolecular activation promoted by an acidic amide nucleophile [20].


Figure 1. Intramolecular activation of water-soluble prodrugs of KNI-727 [21].
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These water-soluble prodrugs were found to release the parent drug exclusively through the non-enzymatic process under physiological conditions, by cleavage at the spacer-drug bond via an intramolecular cyclization-elimination reaction involving imide formation. This work yielded a series of water-soluble KNI-727 prodrugs and diversified drug-release rates in vitro (half-lives ranging from 4 min to 34.3 h) that were developed by modifications focused at the chemical structure of the solubilizing/carrier moiety [21]. Thus, the introduction of sterically hindered cyclic tertiary amines with different electronic states (8a-c, Figure 1) accelerated the conversion, probably because the bulky cyclic structures forced the tertiary amine to be confined to a conformation suitable for proton abstraction on the neighbouring amide, rather than affording steric hindrance [21]. Prodrug 8b presented a 10-fold increase in t1/2 as compared to compound 8a, which can be explained by the electron-inductive effect exerted by the oxygen of the morpholine structure. Moreover, the propyl-morpholine derivative (8c) displayed a further increased t1/2, due to the additional methylene inserted between the tertiary amine and the amide proton [21]. The same research group also investigated a series of linkers connecting the hydroxyl group of KNI-727 to AZT. Under mild alkaline conditions, these mutual prodrugs were seen to spontaneously release KNI-727 also via an intramolecular cyclization through imide formation [22].




3.2. Cyclization-elimination involving an amino group


As previously mentioned, cyclization-elimination is the most well studied pathway in cyclization-activated prodrugs, where the leaving group is the active drug. This is particularly true when the carriers contain a terminal nucleophilic amino group so that drug release would occur through amino-mediated intramolecular cyclative cleavage of the drug-carrier bond, i.e., intramolecular aminolysis. Peptides have also been used/proposed as carriers to provide the basic amino group for such purpose [11,12,23,24].



3.2.1. General basic amine carriers


A classical example is that of aminocarbamate prodrugs 9 of 4-hydroxyanisole, prepared by Saari et al., who found them to release the parent compound by intramolecular cyclization of the carrier moieties to imidazolidin-2-ones 10 (Scheme 7) and not to be susceptible to murine plasma esterases [25]. All the compounds tested were stable at low pH but were reactive in neutral and alkaline medium, releasing 4-hydroxyanisole at rates that were structure dependent (t1/2 ranging from 36 to 942 min, at pH 7.4 and 37 °C). As previously noticed by Begtrup and co-workers [17], the reactivity of compounds 9 decreased with increasing n, i.e., formation of 10 was favoured for n=2 as compared to n=3 (Scheme 7), as the reacting groups are farther apart in the latter case. This implies that, for n>3, intramolecular activation is unlikely to increase reaction rates. In what concerns the introduction of N-methyl (R1, R2, R3) or N-ethyl substituents (R1, R2), di- and tri-methyl derivatives were more reactive than their unsubstituted, mono-methyl and di-ethyl counterparts [25].
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Scheme 7. Intramolecular decomposition of 4-hydroxyanisole carbamates 9 (n=2,3) [25]. 
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The same authors developed in parallel three ester prodrugs 11 of 5-bromo-2’-deoxyuridine (ROH in Scheme 8), that were also found to be stable at pH 2.5 and to release the alcohol at a slower rate at pH 6.8 than at pH 7.4 [26]. At this pH, all three esters released the parent alcohol at virtually the same rate (t1/2=23, 26.7 and 29.7 min), with slight differences being correlated with steric constraints imposed by R (Scheme 8) in the course of the cyclization reaction. These findings demonstrated the need for a non-protonated amine function to activate the prodrug, being consistent with alcohol release through a cyclization reaction. Confirmation of this assumption was enabled by quantitative isolation of the piperazinone cyclization product (12) after prodrug incubation at 37 °C and pH 7.4 [26]. Last, but not least, compounds 11 displayed similar or even higher stability in human plasma, but reacted much faster in rat plasma. This was explained by the generally low esterase activity of human plasma, as compared to rodent plasma, and also by a possible stabilizing effect due to binding of the nucleoside ester to the human plasma proteins [26].





[image: Molecules 12 02484 g010 550]





Scheme 8. Release of a drug (ROH) via piperazinone (12) formation [26]. 
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More recently, Nam et al. have developed water-soluble prodrugs 13a-c of the antitumor agent 3-[(3-amino-4-methoxy)phenyl]-2-(3,4,5-trimethoxyphenyl)cyclopent-2-ene-1-one (C, Scheme 9) based on β-, γ- and δ-amino acid carriers [27]. These authors found that the length of the amino acid aliphatic chains could be used to modulate the anti-tumor activity of the compounds, suggesting that folding of the terminal amino branch might play an important role on the rate of prodrug activation. Thus, the formation of the more stable five-membered ring intermediate (14b, Scheme 9) was more favorable than those of the more constrained four- or the larger seven-membered rings in intermediates 14a and 14c, respectively (Scheme 9) [27].
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Scheme 9. Intermediates in the intramolecular aminolysis of prodrugs 13a-c [27]. 
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3.2.2. Peptide carriers


a) Peptide cyclization and prodrug design


Intramolecular cyclization has been demonstrated to improve biological properties of bioactive peptides [28,29,30,31,32,33,34,35,36,37,38], in many cases allowing one to improve selectivity for a given receptor and/or metabolic stability [39,40,41]. Cyclic peptides can be divided into homodetic and heterodetic, the first being obtained by formation of an intramolecular peptide (amide) bond, whereas heterodetic refers to all cyclic peptides where the intramolecular bond newly formed is other than an amide (e.g., lactone, ether, thioether and, most commonly, disulphide bridges). Scheme 10 summarizes intramolecular cyclizations that peptides can undergo, which can be split into three categories: a) classical routes (head-to-tail, head-to-side chain, side chain-to-side chain and side chain-to-tail cyclizations); b) N-backbone cyclization; and, c) C-backbone cyclization [39,42]. The concept of backbone cyclization was introduced by Gilon et al. in 1991 to stabilize the peptide bioactive conformation without affecting its functional groups [39]. From Scheme 10, one can easily infer that peptide cyclization could be used in prodrug design by two different approaches: (i) linear peptides acting as cyclization-activated prodrugs of bioactive cyclic peptides; (ii) linear peptides acting as drug carriers in prodrugs that can be activated through cyclization of the peptide moiety. Approach (i) is not easy to accomplish if a strictly chemical drug release pathway is desired, as spontaneous cyclization of oligopeptides in solution does not easily occur without the intervention of specific enzymes; exception is made to some dipeptides that easily cyclize to piperazine-2,5-diones or diketopiperazines (DKP, 15) [43,44,45,46,47,48,49]. The DKP scaffold is widely found in compounds of biological interest and could serve as a drug template with appropriate arrayed pharmacophores. To this point, studies showed that the replacement of a DKP cis-amide bound with structurally similar (z)-alkene units could provide DKP mimetics (16) as novel templates for creating drug-like structures [50,51,52,53,54]. Therefore, adequate linear dipeptide derivatives could act as prodrugs for DKP-based drugs.
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Figure 2. Routes for intramolecular peptide cyclization. Adapted from [31,42]. 
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However, the major role of DKP in prodrug design falls in the domain of approach (ii): by linking adequate dipeptide carriers to a drug, a prodrug can be created which undergoes a strictly chemical cyclization-elimination process by intramolecular aminolysis of the dipeptide moiety to a DKP, with simultaneous departure of the free parent drug (Scheme 10) [55,56]. In this connection, peptide derivatives of some drugs have been prepared and evaluated as prodrug candidates where prodrug activation processes involved DKP formation. One example is that of peptide conjugates of the cytotoxic agent vinblastine, designed as potential prodrugs targeted at prostate cancer cells [57]. In vitro and in vivo evaluation showed the best derivative to be a conjugate bearing an octapeptide segment attached by an ester linkage to position 4 of vinblastine. This conjugate was found to undergo fast (t1/2=12 min) and specific cleavage by prostate enzymes of the Gln-Ser peptide bond and additional data from metabolism studies supported that the final spontaneous vinblastine release occurred from a dipeptidyl intermediate and was driven by DKP formation [57].
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Scheme 10. Prodrug intramolecular activation via DKP formation. 
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b) Prodrug activation via DKP formation


Over 30 years ago, formation of DKPs was reported as a major degradation pathway for simple alkyl esters [58,59,60,61] and dipeptide p-nitroanilides [62]. Dipeptides have been thus proposed as drug carriers to deliver the parent drug through enzyme-independent processes, namely, via DKP formation. Further, dipeptides are readily accessible carriers that can be easily modified to optimize the rate of release of the parent drug [63].



In view of the above, some authors have considered that dipeptides might play a crucial role as carriers for hydroxyl-containing drugs. Santos et al. have tested this hypothesis on a systematic study of the reactivity of dipeptide esters of paracetamol, 17, as this phenolic drug represents an excellent leaving group in the course of intramolecular aminolysis of the dipeptide esters [23] and is known to originate hepatotoxic metabolites [64]. Dipeptide esters 17 were found to be quantitatively hydrolyzed to the parent drug and corresponding DKPs at physiological pH and temperature [23]. Additional evidence supporting the intramolecular pathway for paracetamol release was that its rate depended on the structure of the dipeptide carrier. Thus, C-terminal bulky amino acids led to significantly higher half-lives and the presence of amino acids that can easily drive the peptide bond to adopt the cis configuration (e.g., proline, glycine, N-alkyl amino acids), i.e., more prone to cyclize to a DKP, [58,65] led to remarkably reactive substrates [23]. Paracetamol esterification with dipeptides also led to significant decrease or even elimination of the drug’s hepatotoxic effects on mice, hence reinforcing the great potential of dipeptide carriers in prodrug design [23]. However, when incubated in human plasma, the dipeptide esters released paracetamol at a much faster rate than in buffer, evidencing a significant role for enzymatic activation of these prodrugs [Santos et al., unpublished data].
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From what has been described, it is clear that a major drawback of dipeptide-based prodrugs is their susceptibility to non-specific peptidases. However, this problem can be easily solved by incorporating at least one non-natural amino acid. For instance, enzymatically stable dipeptides (e.g. containing Aib or Sar) have been successfully employed in prodrugs of cytarabine [66] and cyclosporine A (CsA) [67]. Dipeptide esters of CsA thus obtained showed high thermodynamic stability, differential conversion rates under physiological conditions and strongly increased water solubility, offering a novel route for the design of CsA prodrugs [67].



Also to improve prodrug stability against protease/esterase action, unnatural amino acids were used to construct prodrugs of 5-fluorodeoxyuridine (FdU) [68]. Interestingly, these compounds were designed, on the one hand, to be resistant to certain enzymes and, on the other hand, to be susceptible to others. In fact, the antibacterial prodrugs of FdU developed by Wei and Pei are first activated in vivo by peptide deformylase, after which they suffer spontaneous intramolecular aminolysis of the resulting dipeptide carrier to form a DKP, with simultaneous release of FdU [68]. Consequently, they undergo two-step activation, constituting a fine example of the third major strategy for designing intramolecularly-activated prodrugs. Two-step prodrugs like these will be further explored in the next and last section of the present review.







4. Two-step Activation


Intramolecular activation of prodrugs has also been proposed as “the subsequent step” in drug release mechanisms involving a first enzymatic conversion step. In other words, double prodrugs have been proposed that would be enzymatically converted into a cyclization-activated prodrug. Actually, the example of pilocarpic acid double ester prodrugs of pilocarpine given in section 2 (Scheme 2) may fall in this category, as the nucleophilic hydroxyl can be released after enzymatic cleavage of the ester moiety [13]. Vinblastine peptide conjugates mentioned in 3.2.2.a) can also be included in this category, as the dipeptide intermediate undergoing intramolecular cyclization via DKP to release vinblastine is a product of enzymatic cleavage of a larger oligopeptide precursor [57].



Cyclization of peptide esters mediated by the enzyme subtiligase has also been proposed over a decade ago for intramolecular activation of prodrugs [69]. Although it describes a strictly enzymatic pathway for drug release, this work constitutes another relevant example of the key role of peptide carriers in prodrug design. In this connection, cutting-edge work by Kohchi et al. proposes membrane dipeptidase (MDP)-mediated activation of prodrugs 18 of the anti-tumoral 2’-deoxy-2’-methylidene-cytidine (DMDC, 19) [70]. MDP specifically cleaves amide bonds in dipeptides and is over-expressed in tumors, which makes it an attractive target for anti-cancer therapy. Prodrugs 18 are activated by MDP in tumors by hydrolysis of the dipeptide bond followed by spontaneous cyclization of the promoiety, as depicted in Scheme 11 [70].
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Scheme 11. Enzymatic cleavage followed by intramolecular aminolysis of DMDC prodrugs [70]. 
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Other two-step prodrugs based on nitrogen nucleophiles have been developed, for instance, by Atwell et al., who proposed 2-nitroaryl amides as bio-reductive two-step prodrugs capable of releasing cytotoxic aminoaniline mustards by spontaneous cyclization of the corresponding 2-aminoaryl amides produced in a previous bio-reduction step [71]. These authors analyzed three factors that could influence the overall cyclization rate: the nucleophilicity of the amine, the geometry of the compound and the nature of the leaving group. Both the nucleophilicity of the amino group and the 4-substituent of the leaving aniline had little effect on the cyclization rate, whereas the geometry of the compound was a determinant factor, indicating that the rate of cyclization was greatly influenced by the pre-organization of the molecule [71]. A series of N-dinitrophenylamino acid amides 20 was also prepared as potential bio-reductive two-step prodrugs and the rates of their intramolecular cyclization after radio-promoted reduction were analyzed. The second (symmetric) nitro group was found to not only raise the reduction potential, but also, through H-bonded locking, correctly position the initial hydroxylamine for amide cyclization-extrusion (Scheme 12) [72]. The high rates of cyclization-extrusion on these highly electron-deficient hydroxylamines suggested that the process was greatly accelerated by the presence of the H-bonding “conformation lock” between the aniline proton and the adjacent o-nitro group [72], in agreement with previous findings on the effects of electronic variation in the attacking and leaving groups on the intramolecular aminolysis of amides [73]. A similar approach has been employed by Liu and Hu in the design of 5'-(2-Nitrophenylalkanoyl)-2'-deoxy-5-fluorouridines as bio-reductive prodrugs of FdU [74].
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Scheme 12. Bio-reduction and subsequent cyclization of N-dinitrophenylamino acid amides 20 [72]. 






Scheme 12. Bio-reduction and subsequent cyclization of N-dinitrophenylamino acid amides 20 [72].
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The most famous “conformation lock” in prodrug design is, however, the “trimethyl lock” (Scheme 13), whose presence in a molecular structure is known since the 1970s to greatly enhance the rate of lactonization of o-hydroxyhydrocinnamic acids (21) [75].
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Scheme 13. Lactonization of o-hydroxyhydrocinnamic acids 21; the “trimethyl lock” (R1=R2=Me) is depicted inside the dashed rectangle [75]. 
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This has been exploited by medicinal chemists, especially by Borchardt and co-workers, to develop two-step activation prodrugs [6]. Thus, these authors carried out covalent attachment of model drugs to the carboxyl group of the hydrocinnamic acid moiety while masking the o-hydroxyl substituent as a precursor structure sensitive to either reductases [76,77,78], esterases [79,80,81] or phosphatases [82]. Consequently, the o-hydroxyl group could be released in a first enzymatically-promoted transformation, after which fast lactonization would lead to drug release (Scheme 14).



The “trimethyl lock” approach by Borchardt’s group yielded redox-sensitive pro-prodrugs of model amines that, after reduction of the hydroquinone, underwent fast lactonization with t1/2 ranging from 1.4 to 3.4 min [76], thus indicating that [bio-]reduction would be the rate-limiting step in the two-step activation of these double prodrugs [76,77,78]. Phosphatase-sensitive “trimethyl lock”-based two-step prodrugs of different amines and amino acids were also found to be good substrates for the human placental alkaline phosphatase (AP), although undistinguishable in terms of their activity for AP [82].
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Scheme 14. Application of the “trimethyl lock” concept by Borchardt and co-workers for the design of two-step prodrugs (X=RCOO or PO2O; R1=H, OH) [6,76,77,78,79,80,81,82]. 
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In what concerns similar esterase-sensitive pro-prodrugs of anisidine as model amine, half-lives determined at 37 °C in different media were as follows: 4030 min in phosphate buffer (pH 7.4), 11.9 min in the same buffer containing porcine liver esterase, 53.7 min in plasma and 475 min in plasma containing diisopropylfluorophosphate. Hence, these pro-prodrugs are enzymatically, rather than chemically, activated in biological media [79]. These observations prompted the same authors to design an esterase-sensitive cyclic two-step prodrug of a model hexapeptide [80,81]. This was also a “trimethyl lock”-based system that, in 90% human plasma, released the parent peptide (t1/2=504 min) by an apparent esterase-catalyzed hydrolysis of the phenol ester bond followed by fast lactonization (Scheme 15A). Moreover, this cyclic two-step prodrug presented a 70-fold increase relatively to the linear peptide in terms of permeation across Caco-2 cell monolayers [80,81].
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Scheme 15. Cyclic two-step prodrugs of peptides based on: (A) the “trimethyl lock” [80,81] and, (B) coumarinic acid derivatives [85,86,87,88,89,90,91]. 
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[image: Molecules 12 02484 g017]





Another approach, quite similar to the “trimethyl lock” concept, for the design of two-step prodrugs has been based on coumarinic acid derivatives, as these equally undergo facile lactonization [83]. In this case, the “conformation lock” that favors lactonization is due to the cis double bond of the coumarinic acid aliphatic chain (Scheme 15B), and enzyme-sensitive two-step prodrugs can be conceived in a virtually superimposable way to that depicted above in Scheme 13 for “trimethyl lock”-based pro-prodrugs [6,83,84,85,86,87,88]. This approach yielded model two-step prodrugs of amines that were released upon incubation in the presence of porcine liver esterase, with t1/2 between 1.7 and 35 min [6,84]. The most relevant example of application of such coumarinic acid derivatives concerns cyclic pro-prodrugs of the opioid peptide DADLE (22), depicted in Scheme 15B [85,86]. This approach was also employed to oxymethyl-modified cyclic pro-prodrugs of DADLE (23, Scheme 15B), designed to promote better intrinsic cell permeation while preserving the desired sensitivity to esterases [87,88,89,90,91], and to RGD peptidomimetics [92].



Approaches to the design of two-step prodrugs based on concepts such as the “trimethyl lock”, apart from being quite elegant, were proven to promote significant increase in the oral bioavailability of known antivirals such as gancyclovir [93] and to be useful in the conception of PEG-daunorubicin prodrugs for the therapy of solid tumors [94]. More recently, the “trimethyl lock” concept has been applied by Raines and co-workers to the design of latent fluorophores as labels/indicators for biochemical and biological research [95,96]. Last, but not least, a 2007 report by Weerapreeyakul et al. describes “trimethyl lock” bioreductive prodrugs of fungal cytotoxic compounds aimed at cancer cells characterized by hypoxia and over-expression of reductases [97]. These two-step prodrugs were seen to be moderately to highly cytotoxic to cancer cells, while stable in the presence of esterases [97].



From what is above described, two-step activation can be regarded as an ingenious way to deal with the undeniable relevance of enzyme bioconversion of prodrugs, even of those originally designed to be activated by strictly chemical intramolecular pathways.




5. Concluding Remarks


Intramolecular activation of prodrugs began by being accidentally detected in the course of pharmaceutical research, but soon became a field of intense exploration by medicinal chemists. Cyclization-activated prodrugs are aimed at improving drug profiles while providing drug release pathways that are not exclusively dictated by the biological variability of enzyme activity.



Oligopeptides are promising carriers for cyclization-activated prodrugs, as they are generally non-toxic, non-immunogenic, specifically targeted at epithelial transporters such as hPEPT1 or hPEPT2 and provide chemical diversity through their side chains, so that drug release rates can be finely tuned. Further, their di- or tri-funcionality offers a wide span of chemical routes for both prodrug synthesis and intramolecular activation. Oligopeptides can be attached to a drug through their amino groups, hence offering the C-terminal carboxyl group as nucleophile to promote intramolecular activation. Conversely, if the drug is attached to the peptide’s carboxyl, the N-terminal amino group will become available to eventually engage in a cyclization-elimination for prodrug activation.



Despite the susceptibility of oligopeptides to suffer premature degradation by action of non-specific peptidases, the use of D- and other non-coded amino acids is a simple and effective way of circumventing this problem. More interestingly, the enzymatic susceptibility of oligopeptides can turn out to be an excellent tool for the development of two-step prodrugs. Hence, cyclization-activated prodrugs based on carefully designed peptide/peptidomimetic carriers are still a promising approach to improve drugs’ therapeutic indices. The same principle applies the other way around, i.e., when peptide drugs, often characterized by serious bioavailability limitations, can be released upon intramolecular cyclization of an adequate two-step pro-moiety. Elegant examples of such strategies for peptide delivery in vivo include those based on the “trimethyl lock” concept and alike.
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